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Abstract 

A critical examination is presented of the use 
of optimized axially segmented acoustic liners to 
increase the attenuation of □ liner. New calcula- 
tions show that segmenting is most efficient at 
high frequencies with relatively Long duct lengths 
where the attenuation is low for both uniform and 
segmented liners. Statistical considerations indi- 
cate little advantage in using optimized liners 
with more than two segments while the bandwidth of 
an optimised two-segment liner is shown to be near- 
ly equal to that of a uniform liner. Multielement 
liner calculations show a large degradation in per- 
formance due to changes in assumed input modal 
structure. Finally, in order to substantiate pre- 
vious and future analytical results, in-house (fi- 
nite difference) and contractor (mode matching) 
programs arc used to generate theoretical attenua- 
tions for a number of liner configurations for 
linero in a rectangular duct with no mean flow. 
Overall, the use of optimized multisectioned liners 
(sometimes called phased liners) fails to offer 
sufficient advantage over a uniform liner to war- 
rant their use except in low frequency single mode 
application. 


Introduction 

To eliminate the need for heavy, expensive, 
and otherwise undesirable splitter rings and also 
to reduce the required length of wall treatment 
(cowl length), recent research has been concerned 
with Increasing the attenuation of wall treatment 
in a fixed length of liner. For fixed source fre- 
quency and model content, one approach to increas- 
ing the attenuation of a given liner is to subdivide 
the liner into several different segments that are 
jointly optimized to maximize the noise attenuation 
over that of a uniform optimized liner. 

The NASA Lewis Research Center has conducted 
both in-house 1 and contract studies^* 3 concerning 
the optimization of axially segmented ducts. Here- 
in, a critical examination is presented of die use 
of optimized axially segmented acoustic liners 
(sometimes called phased liners) to increase the 
attenuation of a liner. In performing this exami- 
nation, first, in order to substantiate previous 
and future analytical results, in-house (finite 
difference) and contractor (mode matching) progroms 
are used to generate theoretical attenuations for a 
number of liner configurations in a rectangular 
duct with no mean flow. Next, new calculations are 
presented for the noise attenuation of optimized 
segmented ducts. These calculations consider the 
effects of sound frequency, duct length, number of 
segments, uncertainty in wall impedance, and varia- 
tions in modal input of the sound. In addition, 
the bandwidth of optimized segmented liners is also 
investigated. Before beginning the analysis, a 
brief review of the literature is now given. 

Wilkinson (ref* 4, p. 13) first attempted to 
improve the attenuation of a uniform optimized duct 


by breaking the liner into two sections and opti- 
mizing each section individually. His optimization 
routine gava impedance values for the two sections 
which were nearly identical to that of a uniform 
liner (ref. 4, table 1); consequently, only a 
6-percent enhancement in attenuation over the uni- 
form liner was obtained, Lansing and Zormnski,5 
however, showed that a multisectioned (three sec- 
tion) liner could give a GO-pcrccnt increase in at- 
tenuation for a liner configuration which was not 
actually optimized. The details of the theory pre- 
sented in reference 5 are presented by Zoruraski in 
reference 6, 

Baumcistcr 1 and Quinn 7 using a finite differ- 
ence approach both showed that optimized two and 
three segment liners would greatly increase the at- 
tenuation over a uniform liner of the same length. 

In reference 6, Zorumaki speculated that a reflec- 
tion process was responsible fer the behavior of 
multisectioned ducts. In contrast to Zorumski r c 
hypothesis, Baumeistor 1 showed by detailed pressure 
plots that the mechanism of added transmission loss 
for an initially plane wave in a multisectioned 
duct seems to be a conditioning of the sound in the 
first section which makes it susceptible to absorp- 
tion in the following sections. The first section 
conditions the acoustic modes such that the acous- 
tic power is brought close to the walls (ref. 1, 
fig. 12). Tills modal redistribution (or modal 
scattering) mechanism was later verified by Sawdy, 
et al, (ref, 2, p, 16), 

The first parametric study of the effect of 
frequency on segmented liner attenuotion was at- 
tempted by Quinn (ref, 7, fig. 1). Unfortunately, 
an error in computer programming gave larger atten- 
uation at the lower frequencies that con be ex- 
pects as shown by Motsinger, ct al, (ref, 3, 
fig. /5). Quinn (ref, 7, fig. 2) also indicated 
that the bandwidth of a multisectioned liner is 
considerably greater than that of a uniform liner 
for fixed impedance. Since impedance is a strong 
function of frequency, the initial work of Quinn 
will be extended herein to include the effects of 
sound frequency on liner impedance In a bandwidth 
study. 

In reference ? and the additional papers de- 
rived from this woik, 8 *^ 1 ^ Sawdy, et al, analyzed 
and measured the properties of optimal multisec- 
tioned ducts using an interface mode matching 
method. They show that a three-segment liner 
can be designed to be less sensitive to modal input. 
They, simultaneous \y with reference 3, presented 
experimental tests of the optimized multielement 
concept in rectangvxar ducts. In references 2 
and 10, the data -nterline pressure measurements) 
are shown to verily the modal conditioning mecha- 
nism (ref. 10, fig, 21); they also show that seg- 
mented linings can be used to provide more attenua- 
tion than optimum r ingle clement configuration. 

In reference 1 and its additional conference 
papers, 11 i 1 ^ Motsinger, et al. using a mode match- 
ing technique shov.d in both their analytical and 


experimental programs that changes in source modal 
content affect the performance of a two-segment 
suppressor# Also, their error analysis showed 
larg) sensitivity in predicted attenuation to small 
wall impedance variations from the optimum, 

Motsinger, ct el* (ref# 3, fig# 75) showed 
that the increase in attenuation of a two-clement 
liner over a uniform liner occurs in a confined di- 
mentionless frequency range of r) from 1 to 5 with 
a peak in attenuation near tj « i*5* Those and 
other symbols are defined in the list of symbols# 
Lester and Posey showed similar results (refs, 13 
and 14, fig. 9). 

Koch 15 showed that the Wiener-Hopf technique 
can also be applied to segmented liners. He inves- 
tigated the effect of various liner properties such 
as backing depth, resistance, etc, on the attenua- 
tion of segmented liners; however, he did not opti- 
mize the liners for maximum performance, Unruh 16 
has performed optimal calculations for the special 
case of hard-soft-hard ducts. He found a lining 
length tuning effect which allows for a more effi- 
cient lining design than can be predicted by infin- 
ite duct theory. Wyerman and Rcethof 1 ? have inves- 
tigated the problem of higher order acoustic modes 
in multisectioned ducts. The results of their 
study suggest that better liner performance might 
be obtained by using segmented duct configurations 
made up by a combination of several different liner 
materials* 


List of Symbols 

c* Gpoed of sound 

A dB sound attenuation 

F function 

f* frequency 

H* channel height 

i ^ 

L* length of duct 

M Mach number 

m transverse mode number 

p dimensionless Fourier coefficient of pres- 

sure p(x,y), p*/p A 

p A amplitude of pressure fluctuation or o*c* 2 

x dimensionless axial coordinate, x*/H* 

x* axial coordinate 

y dimensionless transverse coordinate, y*/H* 

y* transverse coordinate 

6 fractional impedance variation 

£ specific acoustic impedance 

T| dimensionless frequency or 

U)*H*/27rc* V 

leff TflT*/L* 

0 specific acoustic resistance 

p* density 

X specific acoustic reactance 

circular frequency 


Subscripts ; 

I interface 

s segmented (see figs. 6, 9, and 13) 
u uniform (see figs* 6, 9, and 13) 

Superscript* 

* dimensional quantity 

Method of Analysis 

The calculations of the propagation of sound 
in a liner will be performed herein by a numerical 
finite difference technique. Figure 1(a) shows a 
typical finite-difference grid network used in ref- 
erence 18 to study the propagation of sound in a 
two-dimensional duct in the absence of flow. As- 
suming that the pressure is a simple harmonic func- 
tion of time (e*^) and that no sources exist in 
the medium, the linearized gas-dynamic equations 
(ref. 19, p» 5) of continuity, momentum, and energy 
reduce to the dimensionless Helmholtz equation, 

+ iLE + (27rq ) 2 P “ 0 (1) 

fix 4- 6y^ 

whitn governs the propagation of sound in the duct. 

To solve equation (1) using finite difference 
techniques, the derivatives in equation (1) are ex- 
pressed in terms of pressure at each grid point. 

For the boundary conditions, an entrance pressure 
profile, an exit impedonce, and a specific acoustic 
wall impedance £ are required. The specific 
acoustic wall impedance £ is composed of a resis- 
tive part, 0, and a reactive component X, such 
that 

t - d + iX (2) 

Between two liner segments, the grid points can 
straddle the interface, as in figure 1(a) or ride 
on it as in figure 1(b)# *n the latter case, fig- 
ure 1(b), the impedance associated with the inter- 
face grid point can be shown to be 

' ^ “ rrx (3) 

Ci C2 

using the procedure of reference 18, appendix D. 

The collection of the various difference equa- 
tions at each grid point in the duct and along the 
boundary form a set of simultaneous equations which 
are solved to determine the pressure at each grid 
point. From these pressures, the acoustic particle 
velocities, sound intensity, and noise attenuation 
can be found. The complete details of the finite 
difference technique can be found in reference 18. 


Configuration Calculations 

The attenuation of a few sample two-element 
liner configurations are now calculated using the 
finite difference techniques just described and 
then compared with NASA's contractor calculations 
using the mode matching techniques of references 
2 and 3. Tile calculations will be compared and 
tabulated for possible use in checking the validity 
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of existing and future multielement analytical ton- 
tines. The sample catcu la Lions apply to tin ini^ 
tin 11 y plane wave input for u straight rectangular 
duct infinite in length without mean flow. 

figure 2 compares the sound power attenuation 
for the mode matching and Unite difference calcu- 
lations lor equal to 0.25 and tr/H* of 3.75. 
the impedances shown at the top o£ figure 2 repre- 
sent optimum impedances (associated with maximum 
sound attenuation) for thin symmetric configura- 
tion# As seen in figure 2, the local sound power 
attenuation values are in close agreement, How- 
ever, both the mode matching and finite difference 
techniques show a spike at the x equals 2. A in- 
terface. The ii pike results from the mathematical 
oingularity which exists at the optimum. The total 
attenuation lor the liner is approximately 34 dB. 

The off- optimum behavior of the theories was 
also examined oy slightly changing the reactance of 
^ in figure 2 from 0.15 i to 0,1 i. In this case 
(not shown), both theories are in still better 
agreement with a total attenuation of about 21 dll. 
Also, the spike no longer appears at the x equals 
2. A Interface for either interface condition shown 
in figure 1, 

figure 3 represents another comparison between 
the mode matching and finite difference methods for 
a four- segment duct containing three soft wall seg- 
ments. In this casa, the SM» pressure levels and 
phase of both techniques show good agreement. 

It should be noted that the optimal liner re- 
sistance of the first section of a three- segment 
liner (fig. 3) is much larger than that of a two- 
segment liner (fig. 2). Reference 2 (p. 20) found 
this to be the general case although one exception 
was noted. As will be shown la. ,r in this paper, 
the resistance of the first liner segment will be 
a strong function of liner length. 

So for, the agreement between mode matching 
and finite difference theory is excellent which 
leads to a degree of confidence in the accuracy of 
the predicted results. However, based on some sam- 
ple problems of reference 2, some discrepancies 
still exist between the various theories. Table t 
again shows good agreement between the various pro- 
grams for off-optimum results (table 1(a)); how- 
ever, near the optimum (table 1(b)) the various 
theories yield significantly different results for 
q =* 1.6, although the q ® 0,25 results are in good 
agreement ns also shown in figure 2, Only one 
propagating acoustic mode exists in the latter 
case. Because the attenuation associated with the 
optimum point is often very peaked, perhaps the 
more precise analytical mode matching technique 
may resolve the peak. In this caso the finite dif- 
ference theory yields conservative results. At the 
present time, however, no exact explanation exists 
to account for these differences. Further work la 
required. 

We have Just discussed in relation to figure 2 
how a single 0.05 impedance perturbation can sig- 
nificantly change the attenuation at the optimum, 
From a practical paint of view, it may be necessary 
to design a multielement liner based on impedance 
values slightly perturbed from the optimum imped- 
ance. This could eliminate the problem just de- 
scribed, The efiect of uncertainty in liner imped- 


ance will be discussed in more detail later in this 
report. 


Plane Wave Paramo trie Studies 

This section will be concerned with determin- 
ing how the optimum attenuation and impedance are 
related to uaund frequency, duct length, and number 
of ILner segments. First, the liner is subdivided 
Into several different but fixed length liner seg- 
ments, Next, to obtain higher attenuations than 
are possible with a uniform liner, the liner seg- 
ments are optimised Jointly to maximize the noice 
attenuation. In the optimization process, the 
starting point was the optimized uniform impedance. 
The first liner segment then was optimized while 
holding the remaining segment a at the uniform value. 
Next, holding the first segment at its new value, 
the iteration process was continued on the remain- 
ing segments. The process was repeated for the 
whole liner until the change In duct attends* ton 
was less than 5 percent. This optimum ddi*\ not 
necessarily repreBent the true optimum, since Jie 
optimum is sensitive to the. assumed storting im- 
ped once, ^ 

In all the examples to follow, the input pres- 
sure source will be a plane wave and as in refer- 
ence 18, the exit impedance of the duct will bu ns- 
tiumcd to be p£c*. 


Effect of Frequency q 

Figure A shows the optimum attenuation as a 
function of \\ for a two- segment liner which Una 
a geometric configuration identical to that con- 
sidered by Motoingcr (ref, 3, fig. 75) except in 
this case the Mach number is zero Instead of the 
0.3 value of reference 3* The results here arc 
similar to those reported by Motsinger, et al. 3 
Using these limited examples, one is lead to con- 
clude that segmented treatment is most effective 
at low q values. However, exactly the opposite 
Is the cose, os will now bo discussed. 


Effective Frequency, 

Bourne U ter (ref. 20, p. 22) transformed the 
wave equation into a form which did not explicitly 
depend on frequency. From consideration of the 
system parameters, he suggested correlating the 
duct attenuation ns a function of an effective fre- 
quency 

''off " (4) 

An shown in figure 5, the optimum attenuation for 
various frequencies and duct length can be corre- 
lated in terms of 

In figure 6, the ratio of optimum attenuation 
duct A dB fl to an optimized uniform duct A d|i u 
is plotted again as a function oC q e ££ for vari- 
ous q. Ati seon * n *^guro &» tllc attenuation in- 
creases with q with the peak occurring with 
about 1, It should be noted, however, 
that Cor the high values of q where the greatest 
benefit of segmented treatment over uniform liners 
occurs, both have quite low attenuations * as seen 
in figure 5. 
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Figures 7 find 6 show tlio optimum impedance for 
rj » i* As in reference 2, the optimum specific 
acoustic resistance ^ was constrained to be at 
least 0.04 * For large values of as shown 

in figures 7 and 8* the resistance and reactance of 
the two segments approach the uniform value* 


Three Segment friners 

The attenuation of a liner can be enhanced by 
further subdivisions. As seen in figure 9, in- 
creasing the number of optimised segments from two 
to three yields an 80 percent increase in attenua- 
tion of the three- segment liner over the two- 
segment liner. The resistance and reactance asso- 
ciated with the three-segment liner is shown in 
figures 10 and 11. As seen in figure 10, as with 
the two-segment liners, the initial resistance is 
low for small values of J&fll* and Increases for 
Increasing L*/N*. From practical considerations, 
however, a three-segment liner may not give sig- 
nificantly more attenuation than a two-segment 
liner, as will be shown next. 


Uncertainty Considerations 

The actual Impedance of a liner will deviate 
from the optimum value bacouse of fabrication tol- 
erances ob well as from the uncertainty in the im- 
pedance correlations. To estimate the uncertainty 
in the attenuation of a liner, the a dg is as- 
aumed to be a function of the impedance values* 

That is 

A *1> * 2 > *2, . * 0 n , V (5) 

Since the optimum represents a discontinuity in at- 
tenuation, the standard formula for calculating the 
uncertainty of a function of several variables 
(ref. 21, p. 22) cannot be used. 

To give a measure of the effect of uncertainty 
in attenuation due to liner impedance variations, 
it was assumed that all the impedance values 
changed a given amount simultaneously. This gives 
a "maximum possible" attenuation loss for the as- 
sumed variation in impedance. 

Let the parameter 6 represent the fractional 
change in impedance due to uncertainty. Further- 
more, let 


<v + * 

®opt ^ l 


^opt * °opt^opt 

0opt £ 1 

(6) 

opt * c 

l X Optl ^ 1 


•opt + 6 i X optl 

l*opel * 1 

(7) 


A range of values of 6 from 0.05 to 0.5 will be 
considered in the analysis. From the graphical 
results, estimates of the attenuation change due 
to 6 can be conveniently made. 

Figure 12 shows the expected decrease in the 
sound power attenuation of a uniform liner. Simi- 
lar results occur for a two-segment liner for the 
some geometry and frequency; however, the loss of 
attenuation for a given 6 is greater for the two- 
segment liner than the uniform liner. 


Figure 13 sunniarizes the results for both the 
two and three section liners In which the ratio of 
the attenuation of the multlscctioned to uniform 
liner is shown* The same percentage Impedance 
errors are included In each type of liner. As seen 
In figure 13, if 6 is on the order of 0.3, which 
is a practical value, then the throo-segmont liner 
offers little advantage over the two-segment liner. 
Also observe that in the vicinity of r|H*/L* * 0.6, 
the uniform liner has greater sound absorbing capa- 
bility than the multiaectioned liners. 


Bandwidth 

Sin this section, the bandwidth of the two- 
segment liner will be evaluated near the point of 
maximum enhanced attenuation (rjU*/L* * 1). The 
values of optimum impedance for q » 1 can be 
found in figures 7 and 8. Onco the required value 
of acoustic liner impedance is specified, the 
mathematical model relating impedance to the geo- 
metric parameters can be used to calculate the 
liner open area ratio and bucking depth. The basic 
equations of the impedance model which are semi- 
empirical were reported by Groencweg in refer- 
ence 22, and will not be repeated here* 

Minner and Rice (ref. 23, p. 24) have refor- 
mulated these Equations into a form which allows a 
simple direct calculation for the open area ratio 
and backing depth. Once the open area and backing 
depth arc known, the resistance and reactance con 
be calculated directly from the formulas in refer- 
ence 22, 

Figure 14 shows the bandwidth curves for uni- 
form and two-segment liners optimized at q « 1. 

The two-segment liner curve, shown in figure 14, 
shows some increased attenuation at the higher 
frequencies with a very modest increase in band- 
width. 

Two additional bandwidth calculations were 
performed and will now be discussed without the 
use of figures. For a liner optimized at q * 

0.25, subdividing the liner into two sections gave 
almost identical bandwidth compared to the uniform 
liner. For a liner optimized at t] ** 5 , the uni- 
form and two- segment liner bandwidth curves are 
similar in form to those shown in figure 14, except 
the hump to the right of the peak does not appear. 

At the present time, the bandwidth character- 
istics of optimized two-el erne nt liners do not ap- 
pear to show any significant improvement ^ver uni- 
form liners. These examples, however, do not rep- 
resent a large range of system poronieders. 


Sensitivity to Input Modal Structure 

In a hard wall rectangular duct, the nondimen- 
sional acoustic pressure can be expressed as 
(ref, 24, appendix B) 



p »* An cos n^y e i7r ^^ T l) ^ * (8) 

n«l 
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whore the transverse mode? (cos my) will propogatc 
una ttonuated If 

n < 2 t| (10) 

The previous parametric studies wore for plane 
wave Input, However, at higher input frequencies 
tj, as seen In equation (10), the input could bo 
other than a plane wave because the number of 
propagation modes becomes large with Increased q. 
Therefore, some oampic calculations were performed 
to teat the effect of source modal structure on a 
uniform and two-segment plane wave optimized liner. 

The modal structure investigated considered 
all propagating even modes with constant amplitude 
und equal plume at r\ equals 5. The choice of 
only even modes was made for best resolution in the 
finite difference analysis since only one-half of 
the duct needed to be considered. This modal 
structure was used as the pressure source in both 
uniform and two- segment liners that hod been de- 
signed for plane wave input. 

As aeon in figure 15, changing from a plane 
wove Input to a multimodal input in the uniform 
single element duct shows a large improvement In 
attenuation at low L lV /H v '* At high L*/H*, the 
attenuation is nearly the same ns for the plane 
pressure wave* Therefore, a single segment liner 
design based on a plane wave input does not expe- 
rience any degradation in performance over the en- 
tire L*/H* range. The single clement optimal 
liner design for this multimode source will, of 
course, increase the attenuation above that shown 
In figure 15, 

On the other hand, the plane wave optimized 
two-segment liner experiences a large degradation 
in performance at LVH* equals 6(qH ,v /L* n 0.83). 
Recall from figure 6, the maximum enhancement of 
the multielement liner was ad this point. Also for 
the nonplane wave the uniform liner has higher 
performance than the two-segment liner. Clearly, 
multielement liners appear to be much more sensi- 
tive to modal input. This was also shown indirect- 
ly in reference 2 (p. 22, table 4) in which the 
optimum impedance for a multielement liner was 
found to be a strong function of the modal content 
of the source. 

In addition, both the single element and the 
two-segment liners were reoptimized for this new 
multimodal source. In this case, the two-element 
liner attenuation exceeded that of the single ele- 
ment liner as expected. However, the ratio of at- 
tenuation of the two-element to the single-element 
liner at the peak attenuation was 1,73. This Is a 
large decrease from the 2,6 value shown in figure 6 
for the plane wave source. 

The multimode source chosen here has its peak 
pressure at the walla. The decrease in maximum 
enhanced attenuation from 2.6 to 1.73 might indi- 
cate that if the noise energy is already concen- 
trated near the walls, the advantage of the opti- 
mized two- element liner will not be as great. Re- 
call that the function of the first clement in the 
two-segment liner was to concentrate the acoustic 
energy near the wall. 

In a practical liner used for fairly high 
frequency, the modal input is seldom known and 
changes as the source conditions change, for ex- 


ample, a a the engine speed changes. It Is thus 
questionable whether a mult Lace tinned liner which 
Is very sensitive to modal Input would provide much 
advantage in a real suppressor environment. How- 
ever, for very low frequencies and small duct di- 
mensions where a plane wave is the only allowable 
mode, the mu 1 t la ec cloned liner may provide greatly 
Increased attenuation. 


Conclusiono 

Axially segmented liners are shown to theoret- 
ically incrcnoo the attenuation over a uniform 
liner of the same length for tjH'VL* values rang- 
ing between 0,4 to 5 for a plane wave excitation 
with a maximum attenuation enhancement occurring 
with q!l*/L* about equal to 1. The segmenting is 
moot efficient at high frequencies with relatively 
long duct lengths. However, for the high values 
of r\ where the greatest benefit of segmented 
treatment over uniform liners occurs, both have 
quite low attenuations. Statistical considerations 
indicate little advantage in using optimized liners 
with more than two segments. Bandwidth studies of 
optimized two-segmont liners also show little ad- 
vantage over a uniform optimized liner. Finally, 
multielement liners show a large degradation in 
performance due to changes in the assumed input 
modal structure. Overall, the use of optimized 
axially segmented liners (sometimes called phased 
liners) fails to offer sufficient advantage over a 
uniform liner to warrant their use except in low 
frequency single mode application. 
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AXIAL POSITION, X 


Figure 2. - Comparison of sound power attenuation for mode 
matching and finite difference solution at optimum imped- 
ance for v m 0. 25, M * 0, 










Figure 3. - Comparison of mode matching and finite differ- 
ence predicted axial distribution of centerline pressure 
magnitude and phase for liner with three soft wall seg- 
ments and input modal distribution p ■ 1 + (0. 35 - 0. 15 i) 
cosi&ry) where y - 0 is centerline, M • 0, 1.52. 



DIMENSIONLESS FREQUENCY, V 

Figure 4. - Optimum predicted sound power attenuation in rec- 
tangular duct with uniform and two-segment treatment for 
L*/H* equal to 3, M - 0. 


PHASE DIFFERENCE- REFERENCE TO 
TRAVERSE POSITION, deg 







fn Figure 7. - Optimum resistance for uniform and 

two-section liners (Lj - L 2 ) for y * 1.0, M - 0. 



DIMENSIONLESS LENGTH, L*/H* 

Figure 8. - Optimum reactance for uniform 
and two-section liners (L, - L 2 ) for 77-1.0, 
M - 0. 
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Figure 9, - Increase in optimized liner attenuation resulting 
from segmented liners (M = 0, two- and three-segment 
liners, equal liner segments, dimensionless frequency 
77 = I, and plane wave input). 
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Figure 12. - Effect of impedance variations from optimum 
and axial length on the sound power attenuation of a 
uniform liner at a dimensionless frequency 77 equals 
to L 0 and zero Mach number. 
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WAVE OPTIMUM - EVEN MODE 
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DUCT LENGTH TO HEIGHT RATIO. L*/H* 

Figure 15. - Sensitivity of optimum design to change 
in input modal structure at y • 5, and M • 0. 



